ABSTRACT Transport across physical-chemical interfaces is considered in connection with three particular problems of biological interfaces: the structure and properties of cell membranes, the properties of the lung surfactant, and the effects of ionic currents across excitable membranes. With regard to cell membranes, studies of monolayer permeation suggest that permselectivity on the basis of size is a property of bilayer structure and probably gives rise to the observed dependence of the permeability on partition coefficients. The permeabilities of lipid and protein monolayers are consistent with the bimolecular leaflet (BML) model of the membrane and not with mosaic models. Experiments with the lung surfactant indicate that, in addition to its surface tension-lowering properties, it is unusual in its ability to form a strong two-dimensional network, which probably contributes to alveolar stability. Finally, the results of studies of interfacial ionic transference suggest a new way of accounting for the ionic fluxes in excitable membranes during an action potential without assuming ion-selective pores or carriers. In the suggested mechanism, it is possible to account for the change in ionic selectivity and the proper phasing of the fluxes, as well as other aspects of excitation in natural membranes.
In this paper, I would like to present the results of investigations of flow and exchange across physical-chemical interfaces and to relate the results to specific problems of biologic interfaces. The three problems that I wish to touch upon in connection with these model studies are (a) the problem of general membrane permeability, i.e. the apparent porosity of the plasma membrane; (b) the permeation barrier in the lung and the problem of alveolar stability; and (c) the effects of stimulating currents through excitable membranes.
These are large topics, and the information that I shall present must, of necessity, deal with limited aspects of the problems. However, the main advantage in studying models is that experiments with very simple systems are easily interpreted and often give an insight into factors that are important in more complex systems. I shall try to present the results of the model studies from a point of view that will suggest new approaches to the general biological problems.
One of the current ideas regarding the structure of the plasma membrane, the bimolecular leaflet (BML) model as proposed by Gorter and Grendel (1) , is still considered a reasonable approximation to the membrane matrix by most investigators. The BML is made up of two monolayers, back to back, with the hydrocarbon parts touching and the polar groups in contact with the two aqueous phases that surround the cell membrane, the intracellular fluid and the extracellular fluid. If one takes one half of the BML, that is, a monolayer, one is able to study this by relatively simple techniques. Monolayers composed of molecules with long hydrocarbon tails and polar groups can be spread at an interface, and one can study the permeation of other molecules through these films. The monolayer is of the same order of magnitude in thickness as the plasma membrane. It has lipid in it, as found in the plasma membrane, and it also has similar polar groups. When put on a surface, it can be oriented as in the BML model. Therefore, this appears to be a reasonable way of studying what is probably going on in the plasma membrane.
Some investigators (2) object to the BML and have proposed an alternative model of the plasma membrane. Regardless of which model one prefers as a representation of the membrane, however, the monolayer experiments are relevant because they refer primarily to the thickness rather than the fine structure of the plasma membrane. The major findings deal with the nature of diffusion when permeants and membranes are below 100 A in size and, at this order of magnitude, the process of diffusion is quite different from what is expected on the basis of processes in macroscopic phases.
The techniques for measuring the permeability of monolayers were first developed by Langmuir and Schaefer (3) , who studied the problem of water permeation. They developed an apparatus for measuring the amount of water that evaporated through a monolayer by using a container with a desiccant to absorb the water, at a fixed distance above the surface. The amount of water absorbed was determined as a function of time for a clean surface and when a monolayer was spread on top of the surface. This particular technique was developed further by Archer, Rosano, and LaMer (4, 5) , who studied evaporation through many different monolayers. Another technique, developed for studying monolayer permeability to various gases (6) , used a differential manometer to detect changes in the amount of gas absorbed by a liquid when the surface was clean and when it was covered by a monolayer.
To calculate the permeability, which can be set equal to a diffusion coefficient divided by the monolayer thickness, we assume a steady state and apply a formula in which the total resistance to flow in a film-covered system is equal to the sum of two resistances, that of a free surface plus that of a film.
When one adds the two resistances in series, one obtains the total resistance. The concept behind this calculation is relatively simple, and values that one calculates are consistent with those obtained by other techniques.
The results of these investigations have given us some ideas about diffusion through membranes. The most important finding is that Fick's law, as we know it, does not apply to monolayers. With the monolayer one can change the diffusion path length easily, by adding CH 2 groups to the molecule. When this is done, the calculated diffusion coefficient is not invariant. If the monolayer were just an extrapolation of a macroscopic system, one would expect the diffusion coefficient to be constant. In fact, it changes quite markedly, a single CH 2 group causing a sizable decrease. On this basis we can rule out the applicability of the type of reasoning leading to Fick's law. The way in which the molecule gets through a monolayer is not the same process by which a molecule gets through a thick layer of oil or of water. Of course, the rate depends on the concentration difference (or on the pressure difference), which means that this part of Fick's law applies. It is in the expected inverse proportionality with the length where the law breaks down. The permeability which determines the rate at which molecules get through a film depends primarily upon the size of the permeating molecule. Fig. 1 presents data, some of which will be discussed later on, comparing the permeability of an octadecanol monolayer (a C 1 s chain with OH as the polar group) to two gases, carbon dioxide and water. Although the monolayer is studied under the same conditions, there is almost an order of magnitude difference between the permeability of the film to the two different gases. On the basis of these results (7) , it appeared that the size was really the most important factor that determines the rate at which molecules get across such thin layers. Recently, a new technique was developed by Princen and Mason (8) for studying soluble monolayers, and they were able to work with a large series of molecules of different size. Their results showed that the relationship between the permeability and permeant size was as had been suggested on the basis of the earlier results: namely, the rate of permeation through the monolayer depends exponentially on the cross-sectional area of the permeating molecule. Fig. 2 , which will be discussed in greater detail later on, shows how the fraction of permeating molecules varies with permeant size assuming this type of dependence on permeant area. 
RADIUS OF PENETRATING MOLECULE (A units)
Another interesting aspect of these results is that the solubilities of the various permeating gases in the monolayer substance are very different. One can estimate this solubility by studying partition between the gaseous phase and liquid cetane (hexadecane), which is identical with the hydrocarbon part of the monolayer. The partition coefficients between the gaseous and liquid phases show that there is no relationship between the ability to dissolve in a cetane-like phase and the ability to permeate through a monolayer. Therefore, in direct opposition to our ideas about macroscopic systems, one has to rule out solubility and retain only the size effect in describing monolayer permeation. 
U_
The first explanation of the process of permeation through a monolayer was proposed by Langmuir and Langmuir (9) , on the basis of an energy barrier at the surface. The energy barrier, E, depends on at least two particular factors (4), the energy of getting through the CH2 groups and the energy of getting through the polar portion of the molecule and any water that it interacts with to form a special structure at the interface. In the lipid part of the monolayer, E depends on the particular material, the length, the surface pressure, and the cross-sectional area of the permeating molecule. The energy barrier due to the polar groups depends on these variables as well.
Langmuir first proposed that a molecule gets through an energy barrier by making a hole equal to its own cross-sectional area, i.e. by expanding the monolayer against the surface pressure. He tried to validate this idea but did not meet with much success. Since he was working only with water, he could not check the dependence on permeant area, and the dependence on the surface pressure was not as predicted. We now know that the energy barrier idea does apply to monolayer permeation and that the permeability depends upon the permeant area as predicted. The original idea about the surface pressure is an oversimplification, but we can consider a more complex factor, relating to the monolayer that behaves as a surface pressure.
We can demonstrate how the energy barrier controls permeability by considering it as a Boltzmann expression. If E represents the energy required to get through the monolayer, the number of molecules that possess this energy will depend upon the size of the permeant. A larger molecule would have to find or make a larger hole, and therefore fewer of those molecules will get through. Fig. 2 , which gives the fraction of molecules that have enough energy to get through, as a function of the radius of the permeating molecule, also shows how the required energy depends upon the "surface pressure" or monolayer factor. In all cases, the fraction that can penetrate falls off with the radius, and the fall-off is much sharper as the surface pressure factor gets larger. This permselectivity on the basis of size is similar to that observed in natural membranes. The porosity of natural membranes has often been attributed to structural pores, but the porosity that arises in the monolayer cannot be attributed to structural elements. Porosity, or permselectivity on the basis of size, appears to be an intrinsic property of the structure of the monolayer, and perhaps this is the nature of the porosity in the plasma membrane as well.
Let us now reconsider the question of solubility. If there is no solubility in the monolayer during permeation, how does one deal with the fact that the rate at which molecules get across a natural membrane varies with the solubility or the oil/water partition coefficient (10)? This is one of the earliest findings, and it is still considered to be a general property of the membrane. However, the observed correlation with the partition coefficient need not imply solubility. We can invoke the porosity of the monolayer and show how this can lead to selection according to "oil/water" partition coefficients.
Consider in Fig. 3 that we have a hydrated molecule dissolved in an aqueous phase, and that, in order for it to get across a barrier which selects on the basis of size, there may be a very large energy barrier to surmount. As a result, R, is very small. If there is a relatively small barrier for the molecule to shed its hydration shell or part of its shell, it may go across the membrane via a lower-energy barrier route, corresponding to R. The rate of moving through the unhydrated form and across the membrane will show up as a partition coefficient, K, because it will really be a measure of the ratio of species of the unhydrated type to the hydrated type (11) . This line of reasoning offers a way in which to account for the solubility phenomenon even though one does not have an interaction with the monolayer or the membrane matrix.
FIGURE 3. Two types of solute molecules are present in an aqueous phase, solvated at concentration C and unsolvated at Cu. The respective rates of crossing a permselective (on the basis of size) membrane are R, and Ru, shown as arrows. The ratio of the concentrations of the two types of solute molecules is given by K, which behaves as a partition coefficient.
MEMBRANE
The one great value in not having solubility as a direct consideration is that there is no need to introduce structural pores in order to account for water permeation through natural membranes. (Water permeates through practically all membranes very rapidly.) The same problem is eliminated, again without the aid of structural pores, in considering the movement of ions through membranes. Ordinarily, one would not expect an ion to exist in a low dielectric medium as in a membrane, but, if it does not interact with the medium when it permeates, this consideration is eliminated.
I would like to complete the discussion of the characteristics of monolayer permeation by dealing with another unusual aspect of a monolayer permeation process. In Fig. 1 , the permeability of an octadecanol monolayer to carbon dioxide is given as the extrapolation of measurements obtained by varying the vapor pressure of the subphase. These experiments were performed in order to compare the permeabilities of the monolayer to the two gases under similar conditions. In water permeation experiments, one has the monolayer with water moving across it, while in the carbon dioxide experiments water is present in addition to the monolayer and the gas. Water is always moving across the monolayer and, as the data in Fig. 1 indicate, when the normal water movement across the film is reduced by lowering the vapor pressure, the monolayer permeability increases. These experiments were done by adding a salt to reduce the vapor pressure, but one can demonstrate effects due to increasing the vapor pressure (e.g. with dissolved methanol) or by changing the temperature. These results demonstrate that molecules moving back and forth across a monolayer, because of equilibrium between liquid and vapor phases, block some of the "holes" that would normally be used by permeating gases. This kind of interference effect between a permeating gas and an inert gaseous component of the system may be a rather important effect in natural membranes and may be involved in the mechanism of gaseous anesthesia and nitrogen or rare gas narcosis. The "inert" gases may be acting nonspecifically, by interfering with the normal flow of oxygen and carbon dioxide. Because of the directions of normal flow, this may result in a build-up of carbon dioxide and waste products and a deficiency of oxygen in the tissues.
To summarize the effects that I have just described, I shall indicate the ways in which monolayer permeation differs from the permeation of macroscopic layers. In macroscopic layers Fick's law is obeyed, while in monolayers it is not. In both cases the steady-state rate is proportional to the pressure difference or concentration difference, but in the monolayer phase it is not inversely proportional to the barrier thickness. In considering the temperature dependence, the activation energy of monolayer permeation is much higher than in macroscopic processes, and it also varies with barrier thickness in a marked fashion. In both types of systems the dependence of the rate upon the size of the permeant molecule is important, but it is far more critical in the case of monolayer permeation. Another important difference is that the permeant does not dissolve in a monolayer but will do so in the macroscopic phase. Finally, there are a number of effects which indicate interference during the permeation of monolayers. These effects do not occur in macroscopic phases, and they may be indicative of effects that appear in natural membranes.
MODELS FOR THE PLASMA MEMBRANE
At this point it would be appropriate to consider the basic requirements of a model for the natural membrane. A natural membrane is relatively impermeable and it also is fairly selective on the basis of size. In view of the results presented here, the lipid monolayer exhibits both of these characteristics, and the permeability measurements are consistent with the BML model of the plasma membrane.
The BML model has been the guiding idea in much research on membranes in the last several decades, but the model is not able to account for many observations. [Korn (12) gives an account of some of these inadequacies.] As a result, certain changes have been introduced in the basic model. Davson and Danielli (13) described the need for protein monolayers at each polar surface, and Danielli (14) has suggested the presence of a protein molecule going through the lipid matrix to form a polar pore. Some evidence in support of this idea has come to light recently (2) and, in view of this, it would be of interest to have information regarding the permeabilities of protein monolayers.
Protein films are rather difficult to work with, and the problem of measuring
FIGuRE 4. The top view (upper) and cross-sectional view (lower) of a ring holdring a thin film of liquid. The rings are made of a small-diameter metal wire or glass rod, and the diameter of the ring is about 1 cm. The supports which hold the ring to the microbalance are not shown. FIGURE 5. Two elastic spheres, having the same surface tension, y, but of different radius, R, will be unstable and air will flow in the direction indicated by the arrows. The Laplace equation, which is given below the diagram, shows why the pressure (P) is greater in the sphere with the smaller radius.
protein film permeability, in particular, is very difficult because proteins form very permeable films. But it has been possible to obtain some estimates of permeabilities (15) utilizing a relatively simple technique. A thin film of liquid is picked up on a ring (see Fig. 4 ) when a surfactant is present in the liquid, and the ring and film are weighed on a microbalance as a function of time. In the case of films formed from protein solutions, water, as it evaporates, must go through the protein monolayers on the two surfaces, and we obtain a measure of the water transport rate through a protein monolayer. To estimate the evaporation rate through a film that is not covered by a monolayer, we dilute the surfactant solution many times. Since we cannot wash out all of the surfactant, there is still enough to give a stable film, but the monolayer is so expanded that it should not affect the transport of water through the surface.
Because of this and other approximations, our calculated value gives a lower limit for the permeability of a protein monolayer.
From the two evaporation rates we can calculate the permeability of the protein monolayers, and the values for several proteins are at least an order of magnitude higher than those of the lipid films discussed in the previous section. This was expected in view of the earlier qualitative observations on the properties of protein monolayers, and it emphasizes the fact that protein monolayers are almost freely permeable. This finding is particularly interesting in view of a recent model of the plasma membrane, which proposes (2) mosaic structures in which perhaps 25% of the membrane is considered to be protein. On the basis of the monolayer studies, such a membrane would be expected to behave as a protein film and lose the relative impermeability and the selectivity on the basis of size which are characteristics of the lipid bilayer. It is quite apparent that if you have a protein even to the extent of a few per cent going through the membrane, the permeability would be characteristic of a protein and not a lipid. Although the structure of a protein monolayer may be different from that of proteins extending through a membrane, permeability data appear to restrict the range of models of the plasma membrane.
THE PERMEATION BARRIER IN THE LUNG
Protein monolayers are ineffective as barriers to the passage of water and gases, but they may still influence the rate of transport across an interface by a different mechanism. This brings me to my second topic on the nature of the permeation barrier in the lung, and alveolar stability.
In recent years, largely from the work of Pattie (16) and Clements (17), a material extracted from normal lungs has been found to possess properties that contribute to lung function and alveolar stability. The substance is a lipoprotein, is surface-active, and contributes to the elastic recoil during normal respiration because of this property. The surface activity is also believed to be a factor in accounting for stability of the alveoli by the same mechanism.
To consider this mechanism, let us look at the very simplified scheme in Fig. 5 . The diagram shows two elastic spheres connected by a tube and, because the spheres are elastic, in order to keep them from shrinking there has to be a pressure (directed out) operating against the elastic forces. The pressure in each sphere, which is equal to twice the surface tension divided by the radius, is given by the Laplace equation. One can see that, if the two elastic spheres have the same surface tension, the pressure will be higher in the smaller sphere and consequently the air will flow as indicated in the figure. This instability and gas flow should be present in the lung, since the alveoli are believed to be elastic and their sizes vary over a 3-to 4-fold range.
If the same mechanism operated in the lung, the smaller alveoli should empty into the larger ones. But this does not happen. The reason that has been proposed to explain stability is that the surface-active lipoprotein, sometimes called lung surfactant (LS), lowers the surface tension at the alveolar surface and makes it very close to zero. This lowers the pressure to almost zero by the Laplace equation. Another reason arises because the dependence of the surface tension on the area is such that any virtual displacement will tend to operate against the mechanism causing collapse. In other words, as an area expands, the surface tension in it rises and the stabilizing back-pressure also rises.
Now, there are a number of problems in connection with this explanation. One is that the surface tension in the intact lung is probably never zero and not close to zero for any significant length of time. One can also extract LS from collapsed lungs. Thus there appear to be other factors that one has to invoke in trying to account for stability. Another question arises from recent work which indicates that one can obtain the surface tension behavior of the lung extract by using dipalmitoyllecithin films. If the behavior of LS can be paralleled by a phospholipid film, what is the function of the protein in the lipoprotein?
Let us consider these problems. If there is a tendency toward alveolar collapse, because of the nonzero surface tension, then factors which retard the movement of LS films are liable to be quite significant in accounting for stability. For this reason, it appeared desirable to measure the viscous drag generated by the lung surfactant when it is present at a surface. A standard viscometer, in which the shear rate could be varied, was adapted for surface measurements, and a special Teflon trough was constructed to enable compression of the film (18) . When the LS film is spread in such an apparatus under standard conditions, one obtains a reading which is related to the viscous drag. If one spreads a film from a fresh extract, one obtains a curve with a sharp peak at a very low time. As the extract solution ages, there is a gradual decrease in the large viscous drag; the peak appears at longer times (decreasing in magnitude all the time) and eventually disappears. The interesting point is that the surface tension property is practically invariant with age of extract solution. If one measures the surface potential, which is another probe for studying surface properties, the data show a peak at 1-2 wk of age, and this peak occurs at the time when the viscous drag peak disappears. The surface potential results show a change in the surface structure that is shown up much more markedly in the drag measurements, but does not appear at all in the surface tension.
If, during a drag measurement, one simultaneously dusts talc on the surface, one can see the talc particles moving as the film is being sheared. When one reaches the peak in the drag measurement, the talc particles "freeze" and there is a rigid network on the surface (18) . Once this rigid network is formed, it seems to be very stable. This behavior is unusual, since the LS films are not compressed but are at their equilibrium spreading pressure. However, compression of the LS film does affect the rate of formation of the network. If one compresses the film to 50% of its initial area, the time to form a network decreases in all cases. The time to form a network also decreases as one increases the rate of shear of the film.
To summarize these results, it has been found that the LS films spontaneously form a two-dimensional network and that this appears to be a characteristic property of normal lung surfactant. The ability to form a network decreases with the age of the extract solution, indicating that the LS material is deteriorating despite the invariant surface tension. The network FIGURE 6. The water-nitrobenzene system used to study interfacial transference. The plate at the interface and the two electrodes are made of platinum, and the entire apparatus is kept in a thermostat forms faster when the film is compressed and when it is sheared, which fits in with the idea that the reactions between the various groups on the protein tend to be accelerated when one brings the molecules closer together or increases their relative motion.
Returning to the problem of the role of LS in lung function, it is obvious that the drag generated by an LS network would act as a resistance to collapse. The effects of compression and shear rate indicate that, if a film starts to collapse, the rate at which the network forms will be accelerated. The network also renders an LS film more insoluble than one would expect solely on the basis of surface denaturation and, thereby, keeps it on the surface under compression. (When a film of LS is compressed, it frequently creeps over the edges of the trough.) The network may also cause the observed hysteresis in compression-expansion cycles, an effect which is important in lung mechanics and which can lead to an exchange of material between the bulk phase and the surface. Finally, the LS network points up the need for a protein, since the phospholipid does not exhibit network formation when on a surface. The advantage of a protein is that it can form strong intermolecular links, without 20I introducing a permeability barrier to impede the exchange of gas across the alveolar surface.
THE EFFECTS OF ION CURRENTS
I would now like to discuss the third topic, namely, the approach to the problem of excitability in natural membranes suggested by the results of model studies. To study excitation, one generally stimulates membranes by putting electrodes in contact with the membrane and passing a current. If the membrane is excitable, an action potential will follow. Physiologists do not consider what happens at the electrode or membrane surfaces, but are content with the operational definition that passing the current depolarizes the membrane. This is quite true. But what actually does happen at the membrane when one passes a current? In order to study this process I used the relatively simple model system shown in Fig. 6 , which is a liquid phase system composed of water and nitrobenzene. One can measure the interfacial tension in this system with a specially prepared platinum plate suspended from a transducer or a balance, and when electrodes are in the two phases one can pass current across the interface. The reason for this particular choice of solvents is that nitrobenzene and water are immiscible and ions will dissolve in both phases. If one dissolves a surface-active ion, in this case hexadecyltrimethylammonium bromide (CTAB), this distributes itself roughly equally between the two phases. When current flows, one can follow changes in the interfacial concentration by monitoring the surface tension, since the surface concentration (actually surface excess) of ions is a function of the surface pressure (or the surface 202 S -1 tension decrease) that one measures. The experimentally determined relationship is given in Fig. 7 .
When one passes a current that corresponds to the effect of a cathodal stimulation on the outer surface of an excitable membrane, there are increases in the concentration of the ions immediately at the surface (see Fig. 8 ). This can be explained as follows. When current passes through a medium where there is a change in transference number (that is, the CTA+ ions carry a different fraction of the current in each phase), when the ions cross the interface there is either an excess or a deficiency of ions. This results in concentration changes at the surface. Passing a constant "cathodal" current is like having a constant source of material at the interface. The excess ions diffuse away and, if one plots the data according to the diffusion equation with a constant source, one obtains the proper dependence. The concentration varies as the square root of time, and the slope, which is a measure of the rate, varies directly with the current intensity.
Let us now consider what we might expect at a membrane surface (19) in view of the results with the phase system (see Fig. 9 ). For an excitable mem-brane such as the squid axon, we can assume a cation-selective membrane and ignore the anions. Inside the cell, we have a potassium medium, while outside we have a sodium medium. When a "cathodal" stimulus is passed, the ions move in the directions shown on the diagram, and the cation going through the membrane is potassium. The cation transport number in the membrane is 1, while in the aqueous phases the transport number is on the order of Y (since half the current is carried by the anion). As a result of the ion movements, there is a build-up of potassium ions on the outside of the excitable membrane during a "cathodal" stimulus.
The extra assumption that has been made in approaching the problem of excitation is that there are cations adsorbed on both surfaces of the membrane. The adsorbed ions are in equilibrium with the ions that are present in the macroscopic phases, so that sodium is on the outside and potassium on the inside. Therefore, the cathodal current pulls potassium into a region where there is adsorbed sodium. At this point we assume a potassium exchange for sodium, thereby raising the sodium ion concentration temporarily, and producing an enhanced flow of sodium in an inward direction. The same process can occur on the other side of the membrane, causing a release and an enhanced efflux of potassium. This mechanism results in the proper phasing for the ion movements across the membrane during an action potential, without having to invoke special pores or carriers in the membrane. What has been assumed is the equilibrium binding and release of cations at a membrane surface, effects which can be justified. This particular model of an excitable membrane (19) can account qualitatively for the basic features of the action potential, i.e. the observed change in ion selectivity during an action potential and the kinetics of the process. It also provides a model for understanding the observed effects of ion substitution and depletion, the effects of certain pharmacological agents on the ion fluxes during excitation, and also certain effects when the excitable membrane is permeable to anions as well as cations. As presented here, the model is qualitative, but lately we have been attempting to deal with the problem in a quantitative way (20) . Dr. John Britten has joined me in this effort, and we are now considering the behavior of this system as one removes a number of approximations and comes closer to the real membrane system. To date, we have been able to demonstrate the proper ion fluxes during a "voltage clamp," where one stimulates a membrane in such a way that the potential across the membrane is maintained constant by passing current from an external source. There is a characteristic current flow that one observes in an excitable membrane: an inward current due to sodium, followed by an outward current due to potassium. In our system we have been able to perform a voltage clamp on the set of equations which describe the proposed model and obtain the proper ion fluxes. We have not been able to produce an action potential, as yet, but work along these lines is continuing.
CONCLUSION
In this paper, I have described experiments on interfacial transport in physical-chemical systems. As a result of these findings, it has been possible to obtain certain insights into the behavior of the natural membrane or the biological interface. I have attempted to discuss three particular cases where the model experiments have led to new explanations of processes involving natural membranes.
Discussion
Dr. Mysels: In connection with Professor Blank's most interesting experiments on the network formation in lung surfactant, it may be worthwhile to emphasize the contrast between the two aspects of surface rheology-shear rheology, including shear viscosity, and dilational (or areal) rheology. This is the same contrast which is only too familiar for bulk liquids. Thus, water has negligible elasticity but significant viscosity in shear, whereas in dilation (or compression) it is highly elastic with only a small viscosity, as evidenced by the propagation of sound through this liquid. In surfaces it is shear viscosity or plasticity which is generally considered as the theological phenomenon, and surface tension or surface pressure is considered separately. In fact, however, the variation of surface pressure of an insoluble monolayer upon dilation or compression is a pure elasticity phenomenon. Because compression is just as important as dilation in changing the area, the general term areal seems more appropriate than dilational. In surfactant solutions, the equilibrium surface tension is constant, but time effects are significant, and we deal with an areal viscosity or plasticity. Thus, because the surface tension increases as a surface is expanded, and vice versa, the movement of a barrier has to overcome a viscous (nonrecoverable) or viscoelastic (partially recoverable) drag, which is more important as the motion is faster. This is also the origin of the viscosity which causes the damping of surface ripples. Mechanistically, energy is dissipated as surfactant molecules diffuse in the solution away from or toward the monolayer. The two viscosities-shear and areal-are typically different by many orders of magnitude for ordinary solutions of surfactants, shear viscosity being of the order of 10 -4 surface poises, and dilational viscosity in hundreds of surface poises. Certain additives, those that yield rigid films, increase surface shear viscosity so that it can become comparable to or perhaps exceed the surface areal viscosity, but the two always remain separate although both are, of course, caused by the same structure.
Dr. Blank: This is by way of further comment on dilational viscosity. Dr. Mysels' point is well taken. Obviously, if one is dealing with an expanding alveolus in respiration-and I think most physiologists will accept that there is a certain amount of expansion during inspiration-there are bound to be dilational effects. I think these effects will enter in at some stage of the complete explanation of lung mechanics.
The point that I would like to emphasize is that the theological measurements in my paper are used to indicate network formation on the surface, and this property may be a significant factor in the function of lung surfactant.
Dr. R. C. La Force:
The questions I would like to ask are about the voltage clamp system. Do you indeed get a negative resistance? What is the current base in this system? It seems to me that it should be zero before the clamp is applied.
Dr. Blank: The answer to the first question is that this is a negative resistance. The current is going in a direction that is opposite to the potential that one imposes on it. The answer to your second question is that the current base is really zero current, since we balance out any residual currents due to the resting fluxes. The clamp current is an additional current brought about by stimulation.
Dr. Giles Filley: Many years ago Dr. August Krogh wrote of an "invasion coefficient" with respect to the process by which oxygen penetrates the surface of the lung. Dr. Krogh did not understand completely the structure that he was speaking about, since in 1919 the whole question of a surfactant was not even raised. But he thought there might be a different process by which oxygen "invaded" some of these membranes at the surface than after the "invasion" had initially been made. Do you think that your work bespeaks the importance of this possibility?
Dr. Blank: I am not familiar with this work by Dr. Krogh, but, on the basis of experiments in many physical-chemical systems, most people accept that a clean surface has no resistance. The resistance introduced by the lung surfactant ought to be undetectable, since the protein is very permeable.
Dr. Edith Rosenberg: I would like to comment on the biological needs for pulmonary surfactant. This material is believed to be lipoprotein rather than lipid itself, because it is soluble in saline and because it cannot produce extremely low surface tension (near zero) in the lungs, such as you showed on the balance. If it did, it would not produce the known elastic recoil of the lung that is ventilated with air compared to one that is filled with saline. The stability of the lung could exist with a high surface tension provided that it is a variable surface tension, i.e. one that varies with area.
I would like to ask why you think the lung needs a high permeability. CO 2 and oxygen are both fat-soluble and should be able to get through a lipid membrane with great ease.
Dr. Blank: In presenting the problem of alveolar stability, I considered that the low surface tension would contribute to the stability when one is dealing with a very compressed film; that is, one where the lung is in danger of collapse. The entire elastic recoil that one records in the lung tissue during a respiratory cycle has a major component due to the variation of the interfacial tension. I am glad you underscored that. Your question about the solubility of the oxygen and CO 2 in the membrane is based on the properties of macroscopic phases. Certainly, in diffusion through a tissue, one has to use this kind of consideration, but in getting across a thin membrane, when the lipoprotein on the surface is probably less than 100 A in thickness, the question of solubility does not arise.
I would like to continue the discussion of the physical chemistry of interfacial transport by now shifting to another system, which involves a different interface and problem. Dr. Miller has worked on various surface chemistry problems, and lately he has become interested in studying the effects of simple films and films of biological importance on the ion transport process across the mercury/water interface.
